Introduction
============

The clinical and cognitive features of schizophrenia are believed to be due, at least in part, to impairments in the activity of -- and the interactions in activity between -- functionally critical brain regions (Friston and Frith, [@B23]; Gold and Weinberger, [@B26]). The hypothesis that schizophrenia is a "disconnection syndrome" dates back to Bleuler, with the implication that disordered thought processing, social function and cognitive abilities are the result of a "splitting" of mental faculties. The general interpretation of this disconnection hypothesis has been that, in schizophrenia, reduced activity or undercoupling within key brain networks leads to an inability to efficiently modulate incoming neural processes. Only recently, with the advent of non-invasive imaging techniques, has direct evidence for this failure of brain function in schizophrenia been available. Changes in activity and connectivity identified through these methods support a consensus that schizophrenia is the net result of an inability to effectively integrate and process information in the central nervous system, contributing to aberrant patterns of cognition and behavior. However, our understanding of how this failure of integration relates to behavioral performance and illness symptoms in schizophrenia is far from complete. The goal of this article is to overview the role of magnetoencephalography (MEG), an imaging technique with exquisite spatial and temporal resolution, in linking brain function to cognition and disease states in schizophrenia.

Evidence for functional disconnectivity in DTI, fMRI, PET and electroencephalography
------------------------------------------------------------------------------------

The disconnection hypothesis has been recently supported by imaging studies which have shown altered patterns of anatomical brain connectivity in patients with schizophrenia using techniques such as diffusion tensor imaging (DTI; see Kubicki et al., [@B48]; Kyriakopoulos et al., [@B50] for a review). DTI, which measures the diffusion of water molecules along white-matter fiber tracts in the brain, has been a successful approach in demonstrating abnormalities in neural circuitry within this population. These differences in connectivity are often between brain regions associated with higher-order cognitive processing and executive function (Dwork et al., [@B15]). One consistent finding is that the fractional anisotropy (a DTI index representing the fraction of the tensor that contributes to the anisotropic diffusion) is reduced in patients with schizophrenia (Ardekani et al., [@B3]; Burns et al., [@B7]; Kumra et al., [@B49]). While these studies are highly informative, it is unclear how these deficits in neuroanatomical connectivity directly relate to cognitive impairments identified in patients with schizophrenia.

Consistent with data from DTI, investigations of functional connectivity in PET and functional MRI data both during cognitive tasks (see Ragland et al., [@B71]; Potkin and Ford, [@B69] for a review) and at rest (see Grecius, [@B28] for a review) support the hypothesis of neural disconnectivity in schizophrenia. Although related to anatomical connectivity, studies of functional connectivity instead focus on how processing between multiple brain regions are correlated and how information is parsed between multiple nodes of a network (Friston, [@B22]; Ramnani et al., [@B72]). Although the notion of "disconnection" in schizophrenia tacitly assumes that an overall pattern of underconnectivity will be identified in this patient population, both increases and decreases in functional connectivity have been identified in this group.

While these investigations of functional connectivity in fMRI and PET are extremely informative, especially at a spatial level, there are significant areas of research that simply cannot be accessed by these imaging methodologies. The sampling resolution of either technique generally occurs, at best, on the order of seconds, which makes it extremely difficult to evaluate how information flows between brain regions. In executive function, information is not only transferred between cortical regions at a rapid rate (on the order of milliseconds) but is also thought to be dependent on processing in different oscillatory domains (alpha, beta, gamma, etc.). Therefore, fMRI and PET are ideal at reconstructing brain activity at very low frequencies (\<0.1 Hz) and, presently, are unable to parse out activity in higher frequency bands known to exist in mammalian cortex.

In the human brain, oscillatory activity at high frequencies has traditionally been studied non-invasively using electroencephalography (EEG). Functional connectivity can be examined in EEG by looking at coupling between specific sensors through techniques such as coherence, and a number of studies have demonstrated deviations in sensor coherence in patients with schizophrenia (Leocani and Comi, [@B53]). There is a lack of agreement in the literature with respect to changes in EEG coherence in schizophrenia, with some studies illustrating increased functional connections in patients (Ford et al., [@B19]; Merrin et al., [@B57]) while others have reported reduced sensor coherence (Merrin and Floyd, [@B56]; Tauscher et al., [@B93]) or no differences at all (Wada et al., [@B102]). While it has been proposed from these EEG studies that compromised interactions between the frontal and temporal lobe are a primary feature of schizophrenia (Ford et al., [@B20]; Strelets et al., [@B91]; Winterer et al., [@B105]) the spatial limitations of EEG prevent us from knowing exactly which regions are affected in the disorder.

Magnetoencephalography has begun to receive attention in imaging research as having direct applications to the study of impaired cognitive processes in clinical populations, including schizophrenia (Reite et al., [@B74]; Näätänen and Kähkönen, [@B60]). There are significant advantages to using MEG to study neural processes, especially when modeling how activity within a cortical field can influence and interact with activity in other parts of the brain. First, like EEG, MEG is able to reconstruct neural activity on the order of milliseconds. Secondly, recording from MEG sensors allows investigators to access oscillatory neural activity in higher frequency ranges (e.g. alpha, beta, gamma) than those attainable in both fMRI/PET. In addition, the sampling frequency of data acquisition in MEG (generally greater than 1 kHz) is not limited by electrode impedance (as in EEG), permitting the examination of ultra-high frequency (\>100 Hz) brain activity in this modality. Thirdly, volume conduction artifacts commonly found in other imaging modalities are significantly reduced in MEG, as structures such as the skull and CSF do not interfere with the propagation of the magnetic fields (Leahy et al., [@B51]). Finally, novel source localization algorithms allow high-fidelity reconstruction of whole brain activity, also referred to as electromagnetic brain imaging (EBI). EBI provides information about where changes in observed neural activity in MEG data arise in the brain (Robinson and Vrba, [@B76]; Sekihara et al., [@B85]; Dalal et al., [@B11]). The application of EBI is particularly useful for examining changes in timing between disconnected regions identified in DTI and fMRI studies, because of its superior time-scale.

In this article, we will review how MEG, and especially EBI, has been applied to examining impaired social, emotional and cognitive processing in patients with schizophrenia. Special attention will be paid to how studies use MEG to investigate functional connectivity. Finally, we will review some novel metrics for estimating neural interactions in MEG and how these techniques can be applied to further our understanding of the neural mechanisms affected in schizophrenia.

Cognitive Impairments in Schizophrenia as Assessed by MEG Sensor Data
=====================================================================

Many of the studies that examine MEG sensor data in schizophrenia have been extensions of EEG studies, where a change in the averaged amplitude at a particular sensor, during a cognitive paradigm, is interpreted to represent aberrations of cortical processing. With the improved spatial resolution of MEG, these studies both independently confirm findings from EEG studies, as well as expand our knowledge of the specific brain regions that contribute to cognitive dysfunction in the disorder.

Information filtering and sensory gating
----------------------------------------

A reduction in the positive deflection of the EEG waveform around 50 ms following the onset of a repeated stimulus (P50) is thought to represent the attenuation of irrelevant information. This level of filtering of an incoming sensory stimulus, referred to as "sensory gating", is known to be compromised in patients with schizophrenia (Adler et al., [@B2]). An inability to separate relevant from irrelevant sensory stimuli is putatively related to sensory overload and distractibility, thereby impacting higher-order cognitive function (attention, maintenance of working memory, self-regulation). Examination of the magnetic component of the P50 (M50) has provided detail about the spatial and temporal characteristics of this mechanism in auditory processing. Standard examinations of sensory gating are generally computed from EEG sensor recordings at a midline location (electrode Cz) providing no information about the origin of the source or hemispheric lateralization effects.

Initial MEG studies have been able to localize the source of the M50 in an auditory stimulus train to the bilateral superior temporal gyrus (STG; Reite et al., [@B75]). In schizophrenia, impaired sensory gating of the M50 is lateralized, with insufficient sensory gating of an auditory stimulus within the M50 response located in the left hemisphere (Thoma et al., [@B95]). This lateralized effect in left auditory cortex was also found to be significantly and positively correlated with poor working memory in patients with schizophrenia (Thoma et al., [@B95]). It has been suggested that such a failure of sensory gating in schizophrenia is due to faulty functional connectivity between the STG with deep brain structures involved in sensory filtering (see Huang et al., [@B37]). Concurrent EEG/MEG recordings during a paired-click paradigm have shown that while MEG sources in bilateral STG reliably account for most of the P50 EEG component at Cz in healthy control subjects, residual high-gamma activity (∼40 Hz) persists in patients with schizophrenia once the STG sources are accounted for (Huang et al., [@B37]).

In the frequency domain, a reduced M50 in schizophrenia is thought to be due to faulty habituation of oscillations in the gamma range, possibly due to noisy cortical sources contributing to this signal (Clementz et al., [@B10]). When sensory gating in the auditory system becomes deficient, it potentially influences downstream processes that are dependent upon efficient filtering represented in the M50, including the component that occurs 100 ms following the stimulus (the M100). In schizophrenia, both the M50 and the M100 have been independently shown to be impaired (Clementz et al., [@B10]; Thoma et al., [@B95]). This lack of sensory gating can make it difficult for the patient to discriminate between environmentally relevant sources of auditory information and may have profound effects on higher-order cognition. For example, recent work by Dale et al. ([@B12]) has demonstrated that when successive speech syllables are presented within auditory noise, the M100 response to the second stimulus is significantly and abnormally "unattenuated" in patients with schizophrenia. This lack of M100 attenuation was correlated with poor task accuracy and low global cognition scores (Dale et al., [@B12]).

Functional interactions between the M50 and the M100 in schizophrenia have also been examined using MEG. In a study by Hanlon et al. ([@B34]), auditory sensory gating was examined using a dual-click experiment during MEG recordings, and hierarchical linear regression was used to model coupling between sensory gating in the M50 and M100 sources. In the patient group, a left lateralized reduction in M50 sensory gating and bilateral reduction in M100 sensory gating suggested that unrestricted, robust signal at 100 ms was the net result of failure in gating information from an early response (Figure [1](#F1){ref-type="fig"}). Impaired sensory gating represented in the M100 response was associated with a gating deficit in the M50 from source localizations over left auditory cortex, indicating that a failure to properly filter incoming signals through the M50 affected downstream processing in the M100. This relationship between M50 and M100 sensory gating for right hemisphere sources was not significant (Hanlon et al., [@B34]). Developed connections between non-essential cortical fields can interfere with sensory gating and auditory processing. In concurrent EEG/MEG recordings, while no significant relationship has been identified between a EEG P50 component and symptom ratings, a failure of sensory gating of the right M50 component (but not the left) has been shown to be positively correlated with negative symptom scores (Thoma et al., [@B96]). This is in contrast to a relationship between impaired sensory gating in the left hemisphere, which is correlated with attention and working memory (Thoma et al., [@B95]). Although these lateralization effects are still under investigation, they are consistent with models of compromised fronto-temporal function in schizophrenia.

![**Auditory sensory gating responses (indexed as a ratio in sensor power between the response to the second (S2) and first (S1) auditory click) in both patients with schizophrenia and controls**. Auditory gating ratios at both 50 ms (M50) and 100 ms (M100) following stimulus presentation are significantly greater in the patient group in the left hemisphere. In the right hemisphere, reduced sensory gating in the patient group was only significant for a M100 response. Error bars = SE mean. Reproduced, with permission, from Hanlon et al. ([@B34]).](fnhum-03-073-g001){#F1}

The extent to which this impairment in sensory gating generalizes across sensory modalities in schizophrenia is presently unclear. Responses to tactile stimuli in primary somatosensory cortex (S1) and secondary somatosensory cortex (S2) have also been examined in these patients using MEG. These studies have demonstrated that gating ratios for an early somatosensory evoked response (M20) in S1 are relatively intact in schizophrenia (Edgar et al., [@B16]; Thoma et al., [@B94]), while sensory gating of the late response (M80) in S2 is profoundly affected in these patients (Thoma et al., [@B94]), Although this argues against a broad deficit in cross-model processing in schizophrenia, it is consistent with a general notion of filtering impairments across sensory systems in this condition.

Detection of salient events in schizophrenia: mismatch negativity (MMN)
-----------------------------------------------------------------------

One cortical process extensively studied through MEG is the automatic response that is generated following a deviant stimulus in a train of auditory standards, or the mismatch negativity effect (MMN, or the magnetic equivalent, MMNm). This evoked response, which occurs 150--200 ms following a deviant stimulus, is thought to reflect, in healthy individuals, a pre-attentive process whose purpose is to reorient the individual towards a novel stimulus that has entered the environment (for a review, see Pulvermüller and Shtyrov, [@B70]). In patients with schizophrenia, the amplitude of the MMNm is generally reduced, across experimental designs and stimulus types (Figure [2](#F2){ref-type="fig"}, see Kasai et al., [@B42]; Kircher et al., [@B44]; Yamasue et al., [@B109]; Thönnessen et al., [@B97]). In schizophrenia, this deviation in MMNm is best produced in an optimum design paradigm (Näätänen et al., [@B61]), where the deviant occurs much more frequently in the stimulus train and is modified along one feature throughout stimulus presentation (either its frequency, intensity, duration, sound source or gap in tone, see Thönnessen et al., [@B97]). The MMNm is thought to be bilateral for categorical speech sound deviants (Kasai et al., [@B42]) and low MMNm amplitude may be due to, in part, reduced gray matter volume in the cortex along the planum temporale found in patients with schizophrenia (Yamasue et al., [@B109]). The demonstration of compromised gray matter density (and thus cortical function) in the temporal lobes of these patients are congruent with work in combined fMRI/MEG studies that examine MMNm in the patient and control group using both neuroimaging modalities (Kircher et al., [@B44]). In this study, reduced MMNm in patients with schizophrenia correlated with a decrease in BOLD signal in STG, along the planum temporale (secondary auditory cortex) but not in primary auditory cortex, along Heschl\'s gyrus (Kircher et al., [@B44]). Although a difference in MMN amplitude between patient and control groups is readily identifiable in averaged EEG sensor data, the sources that contribute to this deviation are likely to be far more complex than just reduced activity within secondary auditory areas. MMN represents a powerful and well-developed experimental paradigm used to assess auditory processing dysfunction in schizophrenia.

![**Mismatch negativity (MMN) in healthy control participants and in patients with schizophrenia**. Changes in grand magnetic field power (mGFP) over auditory cortex in response to a deviant stimulus (phoneme change) are significantly reduced in patients with schizophrenia bilaterally. Reproduced, with permission, from Yamasue et al. ([@B109]).](fnhum-03-073-g002){#F2}

A reduced MMN component measured through MEG may eventually prove to be a useful biomarker in determining susceptibility to schizophrenia, as in the case of ultra-high risk (UHR) individuals in the prodromal stage of the disorder. A recent study by Shin et al. ([@B86]) demonstrated that this impairment in MMNm is persistent even before the onset of symptoms in schizophrenia. When compared to control participants, smaller magnetic field changes over auditory cortex in the left hemisphere were found in ultra high-risk subjects. Furthermore, MMNm amplitude was negatively correlated with measures of at-risk mental states (CAARMS) in the UHR group (Figure [3](#F3){ref-type="fig"}).

![**Correlations between MMN measures in patients during the prodromal phase of the disorder with an assessment of ultra-high risk state (CAARMS)**. A negative relationship is seen between MMN strength and ranking on the CAARMS metric. Reproduced, with permission, from Shin et al. ([@B86]).](fnhum-03-073-g003){#F3}

Emotional processing
--------------------

An inability to extract relevant emotional content from a facial expression in order to guide behavior is thought to be a fundamental component of the broad social cognitive dysfunction found in patients with schizophrenia (Krong and Moran, [@B47]; Kohler et al., [@B46]). MEG studies of facial emotion processing have been able to examine the stages of cortical processing that are impaired in these patients (Rockstroh et al., [@B77]). Healthy individuals were able to discriminate between stimuli that are either emotionally charged or neutral, even when the stimuli were presented at a very high rate of visual stimulation (∼4 Hz; Junghöfer et al., [@B41]; Peyk et al., [@B66]). Although patients with schizophrenia are able to make similar judgments of emotional valence, data from MEG sensors during this task suggest that this information is incorporated in an atypical fashion. Following an emotionally arousing visual stimulus, changes in amplitude normally seen in the posterior MEG sensors are markedly reduced in patients (Rockstroh et al., [@B77]). The timing of this deficient response fell over the range of 90--300 ms following the visual stimulus. While this deviant response did not compromise the patients' accuracy in detecting emotion, it is possible that it contributes in some as yet unidentified manner to the impaired social abilities seen in schizophrenia.

Spontaneous cortical activity
-----------------------------

Similar to what has been done in fMRI, EEG and PET, MEG has been used to examine deviations in resting-state cortical activity in patients with schizophrenia. Early investigations of low-frequency oscillations have shown that, in this group, stronger delta and theta (2--6 Hz) power at rest occurred along with a reduction in alpha power in the same sample (Cañive et al., [@B9]; Sperling et al., [@B88]). This increase in slow-frequency (\<6 Hz) oscillations measured in MEG is likely due to a non-specific increase in the dipole moment amplitude across sensors for delta power, while an increase in theta power might originate from an increase in parietal, temporal and occipital sources (Fehr et al., [@B17], [@B18]). Fluctuations in delta and theta power in MEG have also been shown to be related to positive and negative symptoms assessed in these patients (Fehr et al., [@B17], [@B18]). Sperling et al. ([@B88]) were also able to relate this increase in the 2--6 Hz range at rest with positive symptoms, with a positive correlation between power over temporal and parietal sources and PANSS ratings in patients with paranoid hallucinatory schizophrenia. A tight relationship between symptom measures and neural oscillations, which persist in the absence of behavior, demonstrates the pervasiveness of the neural dysfunction in schizophrenia. These changes in spontaneous cortical activity may or may not be driven by changes in connectivity between brain regions.

Other cognitive functions
-------------------------

A number of other classical experimental designs in cognitive psychology have been adapted for use with MEG. For tasks such as mental arithmetic, MEG has been used to demonstrate both reductions in high-gamma sensor power (Kissler et al., [@B45]) and increases in delta and theta band activity (Fehr et al., [@B18]) in patients with schizophrenia. Disorganized brain activity (source clustering) recorded in MEG data during a categorical picture-naming task has also been shown to be present in patients with schizophrenia, and this impaired neural activity has been shown to be related to both positive and negative symptoms (Löw et al., [@B54]). In addition, examination of high-frequency cortical activity in MEG in response to speech stimuli has also been demonstrated to be related to clinical symptom scores. In patients with schizophrenia, the processing of speech sounds in the gamma (25--40 Hz) range over left auditory cortex is delayed, and negatively correlated with the severity of auditory hallucinations (Hirano et al., [@B35]; Figure [4](#F4){ref-type="fig"}).

![**Relationship between evoked oscillatory activity (eOA) in response to speech sounds in patients with schizophrenia to auditory hallucination scores as measured through SAPS**. During the period of 100--150 ms following a speech sound, the magnitude of the eOA was negatively correlated with auditory hallucinations in the left hemisphere only. No significant relationship was seen between eOA latency and SAPS scores in either the left or right hemispheres. Reproduced, with permission, from Hirano et al. ([@B35]).](fnhum-03-073-g004){#F4}

Localizing Segments of Networks Affected in Schizophrenia: Source-Space Reconstructions of MEG Data
===================================================================================================

Advances in EBI enable reconstruction of underlying brain activity from MEG sensor data. From the spatio-temporal patterns in the sensor data, it is now possible to reconstruct brain activity, also referred to as *sources*, using sophisticated and powerful algorithms that are also called "source reconstruction algorithms". An obvious advantage to examining data in source space is that the signals interpreted correspond to specific brain regions. However, the drawback to analyzing data in source space is that these algorithms attempt to solve an ill-posed inverse problem, wherein the number of unknown source locations is greater than the number of sensors. There have been significant advances in source localization algorithms in recent times that overcome several problems in EBI; and correspondingly, MEG studies have become synonymous with EBI.

There are currently a wide variety of *source localization algorithms* available for estimating source activity. Parametric dipole fitting is a common technique, where a small number of point dipole sources are assumed to generate the MEG data, and the problem reduces to determining parameters such as the location, orientation, and amplitude of these point dipolar sources. However this approach has issues with local minima and can be sensitive to the initialization of the number and location of dipoles (Mosher et al., [@B59]; Uutela et al., [@B99]). This initialization bias can be circumvented by automated dipole fit procedures, such as a multistart spatial--temporal downhill simplex algorithm (MSST) (Huang et al., [@B36]). Also, there are spatial scanning techniques that estimate the time course at every candidate location while suppressing the interference from activity at the other candidate source locations. Candidate locations for the source reconstructions are often constructed from an individual\'s MRI and can either occupy the entire volume, be constrained to the gray matter, or only lie on the cortical surface. Some examples of scanning techniques are minimum-variance adaptive beamforming and other variants of beamformers (Sekihara and Nagarajan, [@B84]), multiple signal classification (Mosher and Leahy, [@B58]), synthetic aperture morphometry (SAM) (Vrba and Robinson, [@B101]), dynamic imaging of coherent sources (DICS) (Gross et al., [@B29]), and source activity using knowledge of event timing for independence from noise and interference (SAKETINI; Zumer et al., [@B110]). An alternative approach to the scanning methods is to solve for the activity in all candidate source locations simultaneously, also referred to as a tomographic approach. There are a variety of tomographic methods such as minimum-norm estimate (Hämäläinen and Ilmoniemi, [@B33]), dynamic statistical parametric mapping (Dale et al., [@B14]), and standardized low resolution brain electromagnetic tomography (Pascual-Marqui, [@B65]). Some methods promote sparseness in the solution, where the majority of the candidate locations do not have significant activity; empirical evidence shows that a sparse source model can improve the accuracy of the localization in a noisy environment. Some sparse methods include focal underdetermined system solution (Gorodnitsky and Rao, [@B27]), minimum-current estimate (Uutela et al., [@B100]), and Champagne (Wipf and Nagarajan, [@B106]). One way to promote sparsity in the source activity is to use a L-1 norm instead of a L-2 norm in the minimized cost function (Uutela et al., [@B100]; Wipf et al., [@B106]), or alternatively use many recently proposed machine learning algorithms for reconstructing sparse sources (Wipf and Nagarajan, [@B106]; Wipf et al., [@B106]). While to date a small number of MEG studies in schizophrenia have used EBI techniques, as improvements in EBI continue to advance, it is expected that this number should significantly increase in the coming years.

Cognitive control
-----------------

MEG sources have been modeled using adaptive spatial filters in order to reconstruct patterns of brain activity during a cognitive interference task (the Stroop task), in both healthy controls and patients with schizophrenia (Kawaguchi et al., [@B43]). This approach both localizes changes in the signal and provides information about the changes that occur over time. In healthy individuals, oscillatory activity in the gamma range (25--60 Hz) progressed from parieto-occipital to pre-frontal and primary motor cortex, over the time scale of 150--400 ms post-stimulus and pre-response (Ukai et al., [@B98]; Kawaguchi et al., [@B43]). In patients with schizophrenia that suffer from auditory hallucinations, additional activity was seen over right dorsolateral pre-frontal cortex (DLPFC) early on (∼400 ms post-stimulus), a pattern not identified in the patient group without these symptoms (Kawaguchi et al., [@B43]). This data suggests that dysfunctional Stroop-like inhibition in patients with auditory hallucinations is not the result of aberrant information flow between brain areas in a cognitive control network. Instead, it appears that functionally irrelevant brain regions (such as right DLPFC) interfere with communication between relevant cortical fields.

Working memory
--------------

During auditory working memory (e.g., Sternberg) tasks, a decrease in beta power within the sensors over auditory cortex occurs during the memory retention phase, a neural process known to be impaired (e.g., weak beta decrease) in patients with schizophrenia (Gruzelier et al., [@B30]; Reite and Rojas, [@B73]). However, a recent study by Ince et al. ([@B38]) demonstrated that this impairment may extend beyond activity in the beta range. When patients were instructed to memorize a string of letters forming a word, separate patterns of activity in the delta, alpha, beta bands were readily identifiable from a classification of the MEG sensor data. Source-space projections derived from the classifications of the MEG data revealed that these changes in oscillatory power during the task specific to patients localized to superior frontal regions in the delta band, occipital cortex in the alpha range and frontal-temporal areas in the beta band (Ince et al., [@B38]). This type of categorization was not identified when subjects maintained a non-word in memory, consistent with the notion of language impairments in schizophrenia.

Spontaneous cortical activity
-----------------------------

Few studies have also reconstructed spontaneous cortical activity in source space from MEG sensor data. One particular focus has been on high-gamma activity during rest. In patients with schizophrenia, power at the MEG sensor level in the high gamma range (60--71 Hz) was found to be reduced at rest when compared to healthy controls (Kissler et al., [@B45]). A more recent study by Rutter et al. ([@B78]) found that reconstructing data in source space using SAM provides some information about the origin of these changes in gamma power. The greatest reduction in power in the patients was in the 30--80 Hz range, and this reduction in gamma power was localized to medial parietal cortex (Rutter et al., [@B78]). Although this study did not use connectivity measures *per se*, the decrease in gamma power overlapped a region of the pre-cuneus known in functional MRI studies to be involved in introspective thought and also known to be functionally underconnected in patients with schizophrenia (Bluhm et al., [@B6]).

Exploring Aberrant Functional Connectivity in Schizophrenia Across Multiple Sources Through MEG
===============================================================================================

Ultimately, our understanding of neural activity and behavioral performance in schizophrenia is dependent not only on activity *within* an area during an active or inactive state, but also on how the brain integrates information *across* multiple sources. Although a common approach is to examine functional connectivity by using hemodynamic measures of brain activity (such as fMRI), MEG directly measures changes in the magnetic field induced by underlying neuronal currents, and is better suited for modeling these types of interactions. Decomposition of information across, space, time, and oscillatory domains yields complex information about how sources in the brain interact across many levels.

Ioannides et al. ([@B39]) used MEG to examine functional connectivity in schizophrenia during emotional valence judgments in order to explore which segments of the cortical network are dysfunctional in the disorder. Patients were instructed to make decisions regarding the emotional content of the face (happy or sad) presented to the participant during MEG recordings. Interactions between brain sources were assessed using mutual information, a functional connectivity metric that evaluates the extent to which two cortical sources share a common time-series. Robust interactions between inferior frontal cortex, the fusiform gyrus (FG), primary and secondary visual cortex (V1/V2), and the amygdala were identified through functional connectivity analysis in healthy control subjects (Figure [5](#F5){ref-type="fig"}A). A markedly different pattern is seen in patients with schizophrenia, with reduced interactions between functionally critical brain regions during this task (Figure [5](#F5){ref-type="fig"}B).

![**Functional connections between brain regions active during an emotional processing task estimated through MEG**. Robust influence amongst time courses (mutual information) can be derived between the right inferior frontal gyrus (IFG), FG, visual cortex (V1/V2) and amygdala (AMY) in healthy controls **(A)**. Coupling between these regions become more isolated in patients with schizophrenia, with reductions in the relatedness between two sources (dashed lines) as well as deviations in activation onset and latency **(B)**. Reproduced, with permission, from Ioannides et al. ([@B39]).](fnhum-03-073-g005){#F5}

Using MEG resting-state recordings, Georgopoulos et al. ([@B24]) were able to discriminate not only between healthy controls and patients with schizophrenia, but also between patients and subjects with other clinical diagnoses. Data was acquired with the eyes open for a short period of time (between 45 and 60 s) and functional connectivity was estimated by entering residuals (derived from an autoregressive moving average model) into a partial cross-correlation (PCC) analysis between all sensor pairs. In order to characterize a resting-state connectivity pattern distinct for patients with schizophrenia, PCC values were entered into a linear classifier, which separated connectivity patterns between subject groups. The network of connections measured by MEG at rest in the patient group was found to be non-overlapping with categorized activity of healthy controls (Figure [6](#F6){ref-type="fig"}). Similarly, these resting-state networks were distinct from patterns of connectivity in the other patient groups, including patients with Alzheimer\'s disease and Multiple sclerosis (Georgopoulos et al., [@B24]). Since no *a priori* network of connections were defined in this model, it illustrates that coherent, spontaneous activity recorded in MEG, even at the sensor level, can be used to separate clinical conditions like schizophrenia from unaffected populations.

![**Results from a linear discriminant classification analysis applied to MEG resting-state functional connectivity (partial cross-correlation) data across multiple groups, including both controls and patients with schizophrenia**. Even from MEG recordings when no task is being performed, the classifier was able to discriminate between the different populations, with no overlap seen between the control and schizophrenia groups. These differences suggest that resting-state functional connectivity derived from MEG data can be a robust indicator of clinical diagnosis. Reproduced, with permission, from Georgopoulos et al. ([@B24]).](fnhum-03-073-g006){#F6}

Novel Metrics for Estimating Functional Connectivity in MEG
===========================================================

Despite the advantage of MEG (and EEG) in the temporal domain over fMRI, there have been relatively few publications that assess event-related or resting-state functional connectivity using MEG or EEG as compared to fMRI. There are two genres of metrics used in MEG functional connectivity: bivariate quantities are calculated in a pair-wise fashion between pairs of voxels and multivariate techniques model the interactions between several regions of interest. Likewise, functional connectivity metrics in MEG data analyses can be applied either in sensor-space or in source-space. Although many metrics have been proposed for functional connectivity in MEG, no careful comparisons have been made for the same dataset across bivariate and multivariate metrics. Here we provide a brief review of both bivariate and multivariate metrics applied to EEG and MEG data in source space and sensor space, as these techniques have the potential to reveal neural interactions compromised in schizophrenia.

Bivariate metrics of functional connectivity in MEG
---------------------------------------------------

Bivariate metrics can be applied to MEG/EEG data in two ways. Since these metrics are computed between two time courses, they can either be computed between target sensors/voxels or they can be computed between all sensors/voxels and then an average connectivity value can be calculated for every sensor/voxel. The first of these methods is used when there is knowledge about the areas involved and can be considered a "hypothesis-driven" approach. The second, in contrast, can be described as a "data-driven" approach and is applicable when there is not *a priori* knowledge about which areas should exhibit high or changed connectivity. Correlation and its frequency domain analog, coherence, are the two most commonly used bivariate metrics in the literature (see Srinivasan et al., [@B89]). An extension of using coherence on sensor time-courses, a source localization algorithm called DICS, is particularly designed to construct coherent activity by estimating time-courses and calculating magnitude coherence (Gross et al., [@B29]). There are also phase difference-based bivariate metrics that can be applied in similar fashion to the metrics described above. The difference in instantaneous phase between two time courses can be calculated using the Hilbert transform. There are different subsequent calculations that can be performed with the phase difference, e.g. phase coherence (PC), phase synchronization, index of synchronization (for examples, see Nikouline et al., [@B62]; Schoonhoven et al., [@B83]; Hadjipapas et al., [@B32]).

All types of bivariate metrics are susceptible to spurious interactions that arise from volume conduction artifacts in MEG and EEG recordings. The magnetic field or electric potential generated by a single neuronal source is picked up by not only the nearest sensor to the source, but the neighboring sensors also pick up the signal with a zero-time lag. This creates instantaneous blurring across the sensors. As such, the time-courses of many sensors can contain overlapping information due to this electromagnetic phenomenon, which can produce spurious interactions. Some bivariate metrics used for MEG and EEG functional connectivity analyses have been designed to overcome this blurring by isolating the non-zero-time-lag interactions from the zero-time-lag interactions, namely imaginary coherence (IC) and phase lag index (PLI). Both metrics are designed to assess only non-zero time lagged interactions in source or sensor data in order to cancel out the effects of cross-talk across the detection sensors.

Imaginary coherence is calculated by only considering the imaginary component of the complex-valued coherence. The imaginary part of the coherence is produced by non-instantaneous interactions between waveforms. It was found to be a better measure of coupling than the magnitude of coherence in an EEG experiment of voluntary finger movement (Nolte et al., [@B63]). PLI is similar to IC in that it includes only information that is transmitted at a non-zero time lag; any two signals that are instantaneously coupled and therefore have a phase difference of zero, are not included in the calculation of PLI. In a study by Stam et al. ([@B90]), PLI and PC of EEG and MEG data were more sensitive than IC to increasing levels of true synchronization in the simulated data, but IC and PLI were less susceptible to spurious correlations in the data due to common sources. In addition, PLI and IC were better able to detect beta band connectivity and uncovered a different spatial pattern of connectivity in the MEG data. IC has also revealed significant changes in the over all resting-state connectivity induced by brain lesions (Marzetti et al., [@B55]; Guggisberg et al., [@B31]).

Multivariate connectivity metrics in MEG
----------------------------------------

In contrast to bivariate metrics, which compute relationships between elements in a pair-wise fashion, multivariate metrics are able to model interactions between multiple areas in a single model (see Astolfi et al., [@B4]). While powerful, computational complexity is an issue when performing a multivariate analysis. While all areas can be modeled simultaneously, the limitation of these methods lies in maintaining the necessary condition that the number of parameters fit in the model does not exceed the number of time points. This is done by considering fewer areas or voxels or by limiting the number of lags the model will analyze. Multivariate autoregressive models (MVAR) can be applied in the time domain, or in the frequency domain, as is the case with partial directed coherence and direct transfer function methods (for examples, see Schelter et al., [@B80]; Porcaro et al., [@B68]). Although some of these methods have been demonstrated to be powerful in determining neural networks associated with basic sensory processing (Porcaro et al., [@B68]) future studies will determine how these metrics can be extended to examinations of impairments in cognitive function in schizophrenia.

Demonstration: Using IC to Evaluate Functional Connectivity and Cognition in Schizophrenia
==========================================================================================

Bivariate metrics, such as IC, are powerful enough to detect functionally connected networks from MEG data (Nolte et al., [@B63]; Guggisberg et al., [@B31]). We have used IC to examine resting-state functional connectivity in 30 clinically-stable, chronically-ill patients with schizophrenia (as diagnosed through the Structured Clinical Interview for DSM-IV) as well as 15 age, gender, and education matched healthy comparison subjects. All participants were assessed with a standard neurocognitive battery of MATRICS-recommended measures (Nuechterlein and Green, [@B64]) during a separate visit within a 2-week period prior to MEG scanning. Resting state data (eyes closed) was collected over a 4-min period from patients and controls using a 275-channel CTF Omega 2000 whole-head biomagnetometer (VSM MedTech, Coquitlam, BC, Canada) with a sampling rate of 600 Hz. A single epoch (60 s) of artifact-free data was selected specifically for each subject based on the baseline of the MEG sensor data. Sources of oscillating neural activity in the alpha range (∼8--12 Hz) were estimated using an adaptive spatial filtering technique (Robinson and Vrba, [@B76]). IC was computed between each pair of voxels in the MEG timeseries, and then all IC values were Fisher\'s *z*-transformed, averaged across all voxels, and spatially normalized to an MNI template (as in Guggisberg et al., [@B31]). As mentioned in the previous section, this metric (global IC) provides an estimate of functional connectivity at each voxel by averaging across all the connections of that single voxel with the rest of the brain. Given that the characteristics of resting-state MEG data have been shown to be robust indicators of disease state (Georgopoulos et al., [@B24]), our goal was to evaluate how functional connectivity in both patients with schizophrenia and healthy controls was related to measures of neurocognitive function collected outside of the MEG scan session. Resting-state connectivity maps were correlated with two measures of cognitive function known to be impaired in schizophrenia: a verbal memory task (the Hopkins Verbal Learning Test, HVLT, delayed recall) and a category fluency task. These tasks are known to recruit regions of frontal association cortex involved in language and executive function (Smith et al., [@B87]; Wager and Smith, [@B103]; Baldo et al., [@B5]).

Although performance on HVLT-delayed recall was poorer in the patient group, this difference was not statistically significantly when compared against education-matched controls (*p* = 0.07). However, HVLT-delayed performance was positively and significantly correlated with IC measures of right dorsolateral pre-frontal cortex (DLPFC; Figure [7](#F7){ref-type="fig"}) only for patients with schizophrenia (*r* = 0.51, *p* \< 0.05, false-discovery rate (FDR) corrected for multiple comparisons) and not healthy comparison subjects (*r* = 0.34, *p* = 0.21). Such an effect found only in the patient group even when HVLT-delayed scores were not significantly different between the two groups suggests that this relationship between DLPFC connectivity and verbal memory is specific to schizophrenia. Active-state fMRI studies have shown that the functional connections of this region in the right hemisphere, in Brodmann\'s Area 9 of the middle frontal gyrus, are reduced in schizophrenia during various cognitive tasks such as movement sequencing and continuous performance (Salgado-Pineda et al., [@B79]; Woodward et al., [@B108]).

![**Relationship between MEG resting-state functional connectivity (imaginary coherence) data and performance on the Hopkins Verbal Learning Task (HVLT; delay component) in 15 healthy controls (in pink) and 30 patients with schizophrenia (in green)**. Global connectivity of a region in right dorsolateral pre-frontal cortex (DLPFC; over the middle frontal gyrus) was positively correlated with HVLT performance (overlay, in red). However, this correlation was only significant for the patient group, indicating that this association between reduced connectivity of right DLPFC and verbal working memory is specific to the disorder. No significant relationship between functional connectivity of any region and performance during immediate recall in the HVLT was identified in either group.](fnhum-03-073-g007){#F7}

Resting-state functional connectivity scores were also related to performance during a category fluency test, where subjects are required to verbally produce words in a specified category. As in the case of HVLT-delay scores, patient performance was not significantly different from controls (*p* = 0.19). A region of the medial parietal lobe and left DLPFC were positively correlated with performance on this task (Figure [8](#F8){ref-type="fig"}). Category fluency performance was positively correlated with global connectivity of the left medial frontal gyrus, in Brodmann\'s Area 8 (BA8), across both groups (*p* \< 0.1, FDR corrected); a similar trend was seen for the connectivity of the precuneus (Prec; Figure [8](#F8){ref-type="fig"}) only for control subjects (*r*^2^ = 0.64, *p* \< 0.1 FDR corrected). These data suggest that while BA8 connectivity is related to verbal fluency across groups, an interaction between precuneus connectivity and performance present in controls is absent in patients with schizophrenia. In a recent fMRI study by Schlösser et al. ([@B82]), where patients with schizophrenia are trained to overlearn verbal material, an increase in functional connectivity between left DLPFC and other regions (including right DLPFC, parietal cortex and the cerebellum) were associated with verbal item acquisition. These areas are also known to be underactive in patients during fMRI studies when the task is cognitively demanding (such as the n-back task; Pomarol-Clotet et al., [@B67]).

![**Correlation between global functional connectivity (imaginary coherence) of MEG data at rest with performance on a measure of verbal (Category) fluency**. Functional connectivity of two regions were positively correlated (overlay, in red) with performance on this task, including left dorsolateral pre-frontal cortex (DLPFC) and a region of medial parietal cortex, in the precuneus (PreC). In left DLPFC, strong global connectivity was correlated with good performance in both patients and controls. However, in the precuneus, a relationship between global connectivity and Category fluency performance was only significant for the healthy control group.](fnhum-03-073-g008){#F8}

Conclusion and future directions
--------------------------------

There is a developing effort in the literature to relate the complexity of early processing in sensory regions to cognitive dysfunction in schizophrenia (Gilbert and Sigman, [@B25]; Javitt, [@B40]). Given that early-level sensory processing deficits in schizophrenia (for example, auditory pitch perception or function within the magnocellular pathway in vision) affect "top-down" functions such as emotional discrimination (Leitman et al., [@B52]; Butler et al., [@B8]) it is likely that these sensory responses impact higher-level cognitive processing in the disorder. Neuroplasticity-based cognitive training approaches that target auditory processing efficiency have been shown to improve higher-order verbal cognition function and to remediate neurophysiological deficits recorded in MEG (such as M100 attenuation) in patients with schizophrenia (Adcock et al., [@B1]). Future work using MEG to examine interactions between brain regions -- as well as neuroplastic responses in such interactions as a function of cognitive-enhancing interventions -- will yield highly useful information for the design of innovative treatments.

There is a considerable degree of cognitive, behavioral and interpersonal complexity to a condition like schizophrenia; therefore, it is reasonable to assume that the neurophysiological framework of the disorder is comprised of functional alterations at multiple levels. MEG is able to interrogate a time scale of neural processing inaccessible to other imaging modalities, and thus serves as a complementary tool for understanding function and connectivity within neural networks in schizophrenia. Promising applications of MEG connectivity in the treatment of the illness are twofold: (1) as a means of characterizing an endophenotype that may predict clinical outcome or response to treatment in prodromal and genetically high-risk patients; and (2) as a means of monitoring changes in brain activity over the course of treatment (see Scherk and Falkai, [@B81]; Whalley, et al., [@B104]). It is also possible to capitalize on the spatial and temporal resolution of MEG by combining this data with connectivity information derived from fMRI and DTI (Dale and Halgren, [@B13]; Stufflebeam et al., [@B92]; Freeman et al., [@B21]; Zumer et al., [@B111]). Ultimately, the goal of this work will be to deepen our understanding of pathophysiology, of effective treatment, and of prevention in this devastating illness.
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